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ABSTRACT
The aim of this study was to examine immune adap-
tive changes, the expression of innate biomarkers and 
variations in intestinal microbiota composition after 
horse-milk administration in BALB/c mice, which were 
sensitized intraperitoneally using cow β-lactoglobulin 
and α-casein with aluminum adjuvant. We measured 
serum antibody IgE levels and the expression of MCP-
1, IL-4, and TNF-α in duodenal samples. Changes in 
immune cell populations in peripheral blood were quan-
tified using flow cytometry, and intestinal microbiota 
composition was assessed using real-time PCR. We 
found that horse-milk administration decreased serum 
IgE levels in sensitized mice. The groups that received 
horse milk showed an increased population of regula-
tory T cells (CD4+Foxp3+). Horse-milk administration 
decreased the mRNA levels of IL-4 and resulted in 
higher transcripts of TLR-4 in all treatment groups; 
however, the levels of MCP-1, TNF-α, and TLR-2 were 
unaltered. After horse-milk treatment, we observed a 
positive effect, with increased numbers of intestinal 
Bifidobacterium spp. We observed immune-modulating 
properties of horse milk, but future studies should focus 
on testing horse-milk processing, such as fermentation 
and destroying most allergenic epitopes to continue 
research under clinical conditions.
Key words: mare milk, equine milk, BALB/c mice, 
cow milk protein allergy
INTRODUCTION
The increasing incidence of cow milk allergy high-
lights the need to develop novel functional foods 
adapted to allergic consumers. An allergy to cow milk 
proteins results from an adverse immunological reaction 
to 1 or more of those proteins. Due to the low homol-
ogy between cow- and horse-milk proteins, horse milk 
could be a potential candidate for a health-promoting 
formula with decreased immunoreactivity and higher 
nutritional value than formulas based on plant materi-
als.
The proportions of subjects with a high sensitivity 
to the different cow milk proteins have been estimated: 
55% αS1-casein, 90% αS2-casein, 45% β-lactoglobulin, 
and 0% α-lactalbumin [demonstrated by oral provoca-
tion tests, radioallergosorbent test (CAP-RAST, Phar-
macia & Upjohn Diagnostics AB, Uppsala, Sweden), 
and skin prick tests; Natale et al., 2004]. The probabil-
ity of cross-reactivity between cow milk proteins and 
those of other animal species has been studied, and 
it has been shown that IgE from the sera of children 
allergic to cow milk are capable of recognizing defined 
epitopes of milk proteins from other animals, such as 
ewe, goat, and buffalo (Restani et al., 2002). These 
data demonstrate that milk protein polymorphisms 
can provoke immunogenic reactions of differing severity 
and cross-reactivity (Restani et al., 2002; El-Agamy, 
2007). Previous research efforts have revealed that an-
tibodies (IgG) directed at cow milk proteins do exhibit 
cross-reactivity with horse-milk proteins (Fotschki et 
al., 2015a). However, cross-reactivity between equine 
and bovine milk proteins occurs at a low level (Businco 
et al., 2000), probably due to differences between the 
amino acid sequences (Karabus and du Toit, 2012). Ad-
ditionally, horse milk has biophysical and biochemical 
properties that place it closer to human milk than cow 
milk (Nikkhah, 2012). Its similar total protein content 
and optimal casein/whey protein ratio, which may be 
an important factor in determining its allergenicity and 
richness in essential nutrients (Lara-Villoslada et al., 
2005; Fiocchi et al., 2010), supports the potential of 
using horse milk as a substitute for breast milk. This 
might be particularly important in certain scenarios to 
fulfill the nutritional requirements of infants with high 
sensitivity to cow milk proteins. In line with these stud-
ies, recent in vitro data have estimated lower uptake 
rates of proteolytically resistant peptides from horse 
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milk with respect to cow milk, suggesting a poten-
tial beneficial role for horse milk in the human diet 
(Fotschki et al., 2015b). Nevertheless, few attempts 
have been made to evaluate potential allergic responses 
to horse-milk proteins. Studies have focused only on the 
tolerance and allergic potential of horse milk in children 
with a cow milk allergy (Businco et al., 2000; Fioc-
chi et al., 2010), and these studies have demonstrated 
good tolerance and low allergic potential. In a clini-
cal investigation, Businco et al. (2000) indicated that 
horse milk was tolerated by 96% of tested children with 
cow milk allergies. However, it was tested orally only 
2 times. Research has also been conducted with volun-
teers drinking horse milk over a long period (Foekel et 
al., 2009); however, in this case, horse milk was studied 
for multifactorial atopic dermatitis, not strictly a cow 
milk allergy.
In this study, we demonstrated the effect of horse 
milk administered constantly over 23 d in a mouse 
model of cow milk hypersensitivity. Despite our pre-
vious research on horse milk, key questions remain 
unanswered, such as how horse milk influences gut 
immunity, in particular the production of T cells with 
immunosuppressive activity (Treg) that contribute to 
intestinal tolerance. In recent years, it has been shown 
that the gut microbiota play an important role in gut 
immunity development and contribute to the health 
of the host with additional metabolic capacities that 
can have positive effects in increasing the threshold of 
intestinal tolerance. Experimental models have dem-
onstrated that known beneficial components of the 
gut microbiota, Bifidobacterium spp. and Lactobacil-
lus spp., significantly contribute to the regulation of 
inflammatory processes that can occur at the intestinal 
level (D’Arienzo et al., 2011; Laparra et al., 2012). 
However, their role in sensitized animal models with 
cow milk proteins has not been studied until now.
The objective of this study was to evaluate the ef-
fects of horse-milk feeding on the markers of gut health 
(parameters of innate immunity and microbiota com-
position), as well as potential changes in adaptive im-
mune cell populations in the peripheral blood of mice 
sensitized against cow milk proteins.
MATERIALS AND METHODS
Samples
Horse milk was collected from 12 Warmblood mares 
of the Wielkopolski breed (Genactiv, PoznaĔ, Poland). 
After the horses were milked, aliquots of fresh milk 
were used in microbial analysis, and the remaining ali-
quots were immediately chilled to 4°C and kept frozen 
at −20°C.
Chemical and Microbiological Analysis of Horse Milk
The chemical composition of the horse milk was ana-
lyzed using a MilkoScan FT2 Infrared Milk Analyzer 
(Foss, Hillerød, Denmark). Plate count agar (105463, 
Merck, Darmstadt, Germany) was used to assess the 
total count of viable bacteria (aerobically; 30°C/72 h). 
Selective media were used to count bacterial cells from 
the main microbial groups. MacConkey agar (212123, 
Merck) was used to assess the total number of En-
terobacteriaceae (aerobically; 37°C/24 h). Kanamycin 
esculin azide agar (105222, Merck) was used to assess 
the total number of enterococci (aerobically; 37°C/24 
h). De Man, Rogosa and Sharpe agar (PS 60; BioCorp, 
Warsaw, Poland) was used to assess the total number of 
mesophilic lactic acid bacteria (aerobically; 30°C/72 h). 
Dichloran Rose-Bengal Chloramphenicol agar (100466, 
Merck) was used to assess the total number of mold 
and yeast cells (aerobically; 25°C/72 h). We pipetted 1 
mL of milk onto Petri dishes in duplicate. Plate count 
was assessed according to the equation L = ΣC/(n1 + 
0.1n2)d, where ΣC was the sum of colonies counted on 
all the plates retained; n1 was the number of dishes re-
tained in the first dilution; n2 was the number of dishes 
retained in the second dilution; and d was the dilution 
factor corresponding to the first dilution. In dishes that 
contained 30 to 300 colonies, the actual number of a 
dilution on both plates was given. If plates from the 
lowest dilutions contained fewer than 30 colonies, the 
actual number was recorded and expressed as colony-
forming units per milliliter.
Animals and Experimental Design
After acclimatizing for 2 wk, female BALB/c mice (n 
= 32) at 6 wk of age, weighing 18 to 22 g, were random-
ly distributed into 4 groups (n = 8/group). Animals 
were housed in cages. Water and a diet free of dairy 
protein were provided ad libitum (25% yellow corn, 
13% red sorghum, 13% white beans, 9% green peas, 
8% field peas, 6% yellow millet, 5% sorghum white, 4% 
husked barley, 3% canola, 2% oats without husks, 2% 
black sunflower, 2% striped sunflower, 2% buckwheat, 
2% kardi, 1% vitamin mix AIN-93, 3% mineral mix 
AIN-93). According to the standard AIN93G rodent 
diet, the animals received 19.4% protein, 7.0% total fat, 
and 56.8% carbohydrate. This formulation satisfied the 
nutritional requirements for growth in mice. We made 
some modifications to the original formulation to suit 
our requirements that the diet be free of dairy protein. 
In the present study, all groups received 16.89% protein, 
6.52% fat, and 59.13% carbohydrates (including dietary 
fiber and sugars). Milk proteins were also avoided in 
the diets of mice mothers, during suckling of offspring 
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until the end of the experiment. Two groups of mice 
(C/S, sensitized control; HM/S, sensitized and fed 
horse milk) were immunized via intraperitoneal injec-
tions of 50 μL of a mixture of β-LG and α-CN (100 μg/
mL) with aluminum adjuvant (1:1 vol/vol; aluminum 
hydroxide gel; Sigma-Aldrich, Munich, Germany) on 
d 0, 7, and 14. The cow milk proteins selected were 
the most allergenic and the most abundant (Natale et 
al., 2004). We used sensitization by injection with the 
adjuvant in this study because it has been increasingly 
applied in mouse models for oral food allergy stud-
ies, and mice have a relatively long-lasting immune 
response (Thang et al., 2013). The other 2 groups 
(C/NS, control and not sensitized with allergens; 
HM/NS, fed horse milk and not sensitized with al-
lergens) were administered intraperitoneal PBS. The 
C/NS and C/S groups received intragastric PBS; the 
HM/S and HM/NS groups were fed raw horse milk 
directly to the stomach (200 μL/d per animal for 23 d) 
with a blunt stainless steel feeding needle.
Changes in BW were recorded every 2 d. The mice 
were bled from the tail vein before the first immuniza-
tion and on d 0, 7, and 14 after immunization for IgE 
analysis. After treatments, the mice were anesthetized 
(isoflurane, 792632; Sigma-Aldrich) and terminated. 
Whole-blood samples were preserved in EDTA-treated 
tubes to prevent coagulation at room temperature for 
leukocyte analyses. Sections (1 cm) of the proximal 
jejunum and liver were immersed in RNAlater reagent 
(Qiagen, Valencia, CA) at −80°C for gene expression 
analyses. The study was approved by the Local Ethical 
Committee in Olsztyn, Poland (92/2012/N).
IgE Determination
Total serum IgE quantification was performed with 
ELISA, using a commercial test (555248; OptEIA, BD 
Biosciences, San Jose, CA).
Lymphocyte Phenotyping
Aliquots (50 μL) of peripheral blood were mixed 
with the following fluorochrome-conjugated antibod-
ies: fluorescein isothiocyanate (FITC) Rat Anti-Mouse 
CD3 Molecular Complex (555274; BD Biosciences), 
PerCP-Cy 5.5 Rat Anti-Mouse CD11b (550993; BD 
Biosciences), PerCP Rat Anti-Mouse CD8a (55306; 
BD Biosciences), PE Rat Anti-Mouse Foxp3 (560408; 
BD Biosciences), Alexa Fluor 700 Rat Anti-Mouse 
CD4 (557956; BD Biosciences), and APC Rat Anti-
Mouse CD45R/B220 (553092; BD Biosciences). Then, 
the samples were prepared for flow cytometry analysis 
with a cell lysis buffer according to the manufacturer’s 
instructions (349202BD; BD Biosciences); samples were 
analyzed using a flow cytometer (BD LSR Fortessa Cell 
Analyzer; Erembodegem, Belgium) and FACS Diva 
Version 6.2 software (BD Biosciences).
Quantitative Reverse-Transcription PCR
Total cellular RNA was isolated using a GeneMa-
trix Universal RNA purification kit (E3598; EURx, 
Gdansk, Poland), dissolved in 40 μL of RNase-free 
water, and stored at −20°C. Quantification of RNA 
was conducted using a NanoDrop ND-1000 photometer 
(V3.6; Thermo Scientific, Waltham, MA). The PCR 
was carried out using primers for TNF-α (forward: 
TTCCTGCACCCTCTGTCTTTC; reverse: CAGTTC-
TATGGCCCAGACCC), IL-4 (forward: GCCTGGGT-
CAAGCTGACTAC; reverse: ATGTACGATGTCGC-
CACTCC), MCP-1 (forward: AGCCAACTCTCACT-
GAAGCC; reverse: GGGTGATATGCTGGGAAGGG), 
TLR-2 (forward: GACGCTCATGTGAGTGAGTGTA; 
reverse: AGAGATCACGGACCAAGGGA), and TLR-
4 (forward: GCTAGCCTGCCTTGTTTCTC; reverse: 
GGCTTTTTGCCAAGGCT). We used the GADPH 
gene (forward: CCCTGTTGCTGTAGCCGTAT; re-
verse: TGGGGATGGGAAACCTGACT) to normalize 
the results. The total RNA (0.5 μg) was converted into 
first-strand cDNA (42°C, 50 min; 94°C, 3 min) with 
AMV reverse transcriptase (Promega, Madison, WI). 
Gene amplification was performed in 35 cycles, which 
consisted of the following steps: initial denaturation 
(94°C, 5 min), denaturation (94°C, 20 s), annealing 
(53°C, 20 s) and extension (72°C, 40 s). Reaction prod-
ucts were separated via electrophoresis on a 1% agarose 
gel with ethidium bromide (5 μg/mL) and quantified 
using Image Lab version 4.1 (Bio-Rad, Warsaw, Po-
land).
Bacterial DNA Extraction
We extracted DNA from colon contents (0.1 g) us-
ing the GeneMATRIX Stool DNA Purification Kit 
according to the manufacturer’s instructions (E3575, 
EURx; JurgoĔski et al., 2015). We isolated DNA using 
the bead-beating method and a Gyrator UNIPREP 3D 
vortex (UniEquip, Planegg, Germany). The extracted 
DNA was stored at −20°C.
Real-Time PCR Quantification  
of Intestinal Microbiota
Construction of a Standard Curve. To construct 
a standard curve for the quantification of particular 
microbiota populations, we used strains representing 
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the Bacteroides-Prevotella-Porphyromonas group, the 
Clostridium leptum group (Clostridium group IV), Bi-
fidobacterium, Enterococcus, and Lactobacillus as the 
main groups of intestinal microbiota. We applied the 
approach described by Vahjen et al. (2007), with modi-
fications. Strains were used from the Culture Collection 
at the Institute of Animal Reproduction and Food Re-
search (Polish Academy of Sciences, Olsztyn, Poland), 
and from the German Microorganism and Cell-Culture 
Collection (Leibniz-Institut DSMZ-Deutsche Sam-
mlung von Mikroorganismen und Zellkulturen GmbH, 
Braunschweig, Germany). The bacterial cultures were 
cultivated separately in appropriate conditions (details 
available upon request). The cell number of each cul-
ture was determined using 4c,6-diamidino-phenylindole 
(ĝwiątecka et al., 2013). Two milliliters of each culture 
was centrifuged (5 min, 10,000 × g), washed with ster-
ile PBS (pH 7.4), and centrifuged again. Cell pellets 
were combined and mixed with 0.1 g of autoclaved 
cecal contents (autoclaved twice; 121°C, 15 min), and 
bacterial DNA was isolated using the same method 
as for the cecal samples. Isolated DNA was serially 
diluted 10-fold, and dilutions from 10−1 to 10−7 were 
used to construct the standard curves. We carried out 
real-time PCR amplifications with genus- and group-
specific primers to obtain the curve for each of the 
tested bacterial populations. The starting bacterial cell 
number in the standard was 3.27 × 109 for the total 
bacteria number, 3.18 × 108 for Bacteroides, 3.99 × 
107 for the Clostridium leptum group, 1.44 × 109 for 
Bifidobacterium, 1 × 109 for Enterococcus, and 5.35 × 
108 for Lactobacillus.
Quantification of Intestinal Bacteria. For each 
real-time PCR experiment, a standard curve was pre-
pared, and the standard samples and test samples were 
run in duplicate. Reactions were carried out using an 
iQ5 real-time PCR system (Bio-Rad) in a total volume 
of 25 μL, consisting of 12.5 μL of SYBR Green Jump-
Start Taq ReadyMix (Sigma, Poznan, Poland), 200 
μM of each primer, 1 μL of DNA diluted 10-fold, and 
PCR-grade water (Sigma). The primer sequences and 
annealing temperatures are listed in Supplementary 
Table S1 (http://dx.doi.org/10.3168/jds.2016-11499). 
The temperature program included 1 cycle of 95°C for 
3 min and 35 cycles of 95°C for 20 s, the temperature 
of primer annealing (Table S1) for 30 s, and 72°C for 
30 s with signal acquisition. After completion of the 
amplifications, we prepared a melting curve to confirm 
the specificity of the PCR products. We analyzed the 
recorded data using iQ5 Optical System Software (ver-
sion 2.0; Bio-Rad), and normalized the obtained values 
according to the dilution and weight of the sample. The 
results are expressed as log10 of the cell number per 
gram of sample wet weight.
Statistical Analysis
All analyses were conducted in triplicate. Statistical 
analysis was performed using Statistica software, ver-
sion 10.0 (StatSoft Corp., Kraków, Poland). Data were 
analyzed using the Kruskal-Wallis one-way ANOVA, fol-
lowed by Dunn’s post hoc test. If ANOVA assumptions 
were violated, we used the Wilcoxon matched-pairs test 
or t-test. Statistical significance was established at P < 
0.10, P < 0.05, P < 0.01, and P < 0.001.
RESULTS AND DISCUSSION
Chemical and Microbiological Analysis of Horse Milk
The major chemical components and physical pa-
rameters of the horse milk are shown in Table 1. The 
lactose concentration was particularly high compared 
with that of several other animal species (e.g., cattle, 
buffalo, sheep, goat, camel, llama, alpaca, yak, and 
reindeer), as previously determined by Barłowska et 
al. (2011). Notably, a beneficial role has been sug-
gested for lactose. Cederlund et al. (2013) attributed 
an immune-modulatory role to lactose in promoting the 
upregulation of gastrointestinal antimicrobial peptide 
LL-37, which serves to protect the neonatal gut against 
pathogens and exerts a regulatory effect on the micro-
biota composition of the infant. Paasela et al. (2014) 
proposed that breast milk lactose could have benefi-
cial effects on immunity during infancy by indirectly 
enhancing the IFN-γ and IL-17 responses of effector 
T cells, although they pointed out that in individuals 
susceptible to chronic inflammatory diseases, dietary 
lactose could induce harmful inflammatory responses 
by disrupting Treg cells. In a study on galectin-9/TIM-3 
interactions, the authors showed that memory CD8+ 
T-cell populations can be expanded using α-lactose, 
a possible way to enhance antimicrobial immunity 
(Sehrawat et al., 2010). Data concerning the fat and 
protein content of horse milk revealed a more similar 
casein:whey protein ratio to human milk, which could 
have important consequences for intestinal tolerance 
processes (Lara-Villoslada et al., 2005). An additional 
advantageous immuno-nutritional feature could be the 
lower proportion of immunogenic peptides produced 
from horse milk after simulated gastrointestinal diges-
tion and the lower uptake of those peptides by intesti-
nal cells compared with those of cow milk (Picariello et 
al., 2013; Fotschki et al., 2015b).
According to the scant scientific literature, bacterial 
total plate counts for horse milk are lower than those 
for cow milk (Doreau and Martin-Rosset, 2002). This 
could be explained by the higher lysozyme and lactofer-
rin content and the iron-binding capacity of lactoferrin 
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in horse milk (Claeys et al., 2014). The cell numbers 
of the main microbiological groups we assessed in the 
horse milk are shown in Table 2. The total viable counts 
determined were similar to previously reported values 
(Danków et al., 2006). The majority of detected bacteria 
from horse milk originated from mesophilic lactic acid 
bacteria strains. Enterobacteria and enterococci were 
detectable at low counts, and yeast cells had the lowest 
numbers; molds were not detectable. Microbiological 
analysis indicated that proper hygiene was practiced 
during milking. The standard limit for microbial counts 
in raw milk has been set by the European Community 
at 1 × 105 cfu/mL to 5 × 105 cfu/mL (Tasnim and 
Islam, 2015).
Serum IgE Levels
Several attempts have been made to develop animal 
models that mimic the major clinical features of food 
allergy, such as IgE-mediated food hypersensitivity in 
mice sensitized to cow milk protein (Sari et al., 2010; 
Stojadinovic et al., 2014). We selected BALB/c mice 
because they are frequently used for a variety of im-
munological studies and are high IgE responders (Dear-
man and Kimber, 2007). In the present study, the 
administration regimen and doses of cow milk proteins 
used during the immunization process were effective in 
significantly increasing total serum IgE levels, demon-
strating an adequate immune response against major 
cow milk allergens (α-CN and β-LG). After sensitiza-
tion, the levels of IgE increased by more than 8-fold in 
relation to the values quantified before immunization 
(Figure 1A).
Administration of horse milk to mice that were not 
immunized with allergens caused an increase in total 
IgE levels. The observed effect could be a physiological 
response of the immune system of BALB/c mice to het-
erogeneous sources of proteins in the diet. We observed 
an increase of total IgE in healthy mice in other studies 
with cow milk proteins (unpublished data). Notably, 
the mice fed horse milk had total IgE levels only 2.2-
fold higher than the sensitized controls (Figure 1B). 
This result may have been caused by low homology 
between the main cow and horse milk proteins (62.4% 
average for αS1-CN, β-CN, κ-CN, α-LA, β-LG, serum 
albumin), which is 43.3% for αS1-CN and 59.4% for 
β-LG (Karabus and du Toit, 2012).
Leukocyte Count and Lymphocyte Phenotyping
We used the cell surface marker CD45R/B220 to 
identify the general leukocyte population, and con-
ducted further T-cell phenotyping analyses in this 
population. Transcription factor Foxp3 is critical for 
the development and function of Treg (Baron et al., 
2007). The changes in peripheral leukocyte populations 
in nonsensitized and sensitized controls and in mice fed 
horse milk are shown in Figure 2. Sensitization with 
cow milk proteins caused a significant decrease in the 
CD4+Foxp3+ lymphocyte population in the mice in 
the control group. We also observed a decreased CD8+ 
population in the peripheral blood (P < 0.05). Stock 
et al. (2004) showed that depletion of CD8+ T cells 
before immunization led to increased T helper 2 (Th2) 
responses and increased allergic airway disease, high-
lighting protective effect of CD8+ T cells against the 
induction of adverse immune responses.
Horse-milk administration to sensitized and nonsensi-
tized mice caused a significant increase in CD4+Foxp3+, 
which was reflected in a decrease in the CD4+Foxp3− 
lymphocyte population in peripheral blood. Leukocyte 
counts and phenotyping analyzes of T-cell subsets in 
peripheral blood indicated that the sensitization of 
the mice with cow milk allergens (β-LG and αCN) 
was relatively effective in stimulating T-cell-mediated 
response(s) associated with allergic processes. Thus, 
the effect in allergic patients was partially mimicked. 
The most remarkable alterations have been noted in 
Treg cells [CD4
+Foxp3+], which have been shown to 
exert suppressive effects on innate immune reactions 
(Hou et al., 2015). Evidence also shows that Foxp3+ 
induced Treg are required for oral tolerance (Hadis et 
al., 2011) and act locally in the gut, preventing chronic 
inflammation from excessive immune reactivity against 
food proteins. In one study, increase of Treg cells results 
Table 1. Chemical composition and physical parameters of horse milk
Parameter Mean SD
Lactose (%) 7.28 0.02
Fat (%) 0.64 0.03
Proteins (%) 1.55 0.01
Caseins (%) 1.34 0.05
Citric acid (%) 0.1 0.01
Fat-free DM (g/L) 96.11 0.25
DM (g/L) 97.55 0.26
Density (g/L) 1.035 0.08
Freezing point (−°C) 0.516 1.0
Table 2. Cell numbers (cfu/mL) of the bacterial groups in horse milk
Parameter Mean SEM
Total viable count 1.01 × 105 9.51 × 104
Mesophilic lactic acid bacteria 2.28 × 103 9.00 × 102
Molds ND1 —
Yeasts 3.21 1.80
Enterobacteriaceae 1.88 × 101 1.78 × 101
Enterococci 1.07 × 101 6.70 × 100
1ND = not detectable. The limit of detection was 1 cfu/mL.
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in reduced IgE production in BALB/c mice (Schulze 
et al., 2016). The authors concluded that expansion of 
CD4+Foxp3+ Treg cells has a therapeutic effect by lim-
iting allergic airway inflammation. The low reactivity 
of horse milk is supported by the decreased IgE levels 
quantified in the mice sensitized with allergens (Figure 
1). The present study demonstrated that sensitization 
before horse milk administration was necessary to in-
Figure 2. Analysis of immunocompetent cell populations. The graph shows the values from the groups that received intragastric horse milk 
(HM; 200 μL/d per animal) or PBS (C) and received intraperitoneal injections of allergens + aluminum adjuvant (C/S, HM/S; sensitized) or 
PBS (C/NS, HM/NS; nonsensitized). Cell subpopulations have been identified as a percentage of the parent population. Results are expressed 
as mean ± SEM. *P < 0.05. AU = arbitrary unit.
Figure 1. Changes in the total serum IgE concentration (ng/mL) in BALB/c mice during the experiment. (Panel A) Changes in IgE levels af-
ter mouse immunizations [intraperitoneal injections on d 0 (I), 7 (II), and 14 (III) with 50 μL of a mixture of 50 μg/mL cow milk β-lactoglobulin 
and 50 μg/mL cow milk α-casein with 50 μg/mL aluminum adjuvant (1:1 vol/vol)]. (Panel B) Comparison of total serum IgE levels of sensitized 
and nonsensitized animals at the end of the experiment. The graph shows the values from the groups that received intragastric horse milk 
(HM; 200 μL/d per animal) or PBS (C) and received intraperitoneal injections of allergens + aluminum adjuvant (C/S, HM/S) or PBS (C/NS, 
HM/NS). Results are expressed as mean ± SEM; ***P < 0.001 (differences between immunized mice and before-immunization control and 
among immunizations).
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duce a Treg-mediated response. Sensitization with cow 
milk proteins probably caused the extravasation of this 
cell population to other physiological compartments, 
where their activation could take place. A food allergy 
is considered a skewed Th2 response of the body, espe-
cially in the intestine.
mRNA Expression of Innate Markers in the Intestine
The intestine is constantly exposed to dietary anti-
gens, which have to be tolerated by the immune system 
(innate and adaptive) to maintain homeostasis. In this 
study, animals (sensitized or not) that were fed horse 
milk showed a reduced expression of mRNA IL-4 (Fig-
ure 3). The mRNA expression of IL-4 increased after 
immunization but was reduced to the level of C/NS 
mice with horse-milk treatment. Because of its role as a 
Th2-like cytokine, IL-4 has been suggested as a potential 
target for allergy treatment (Schmidt-Weber, 2012). It 
has been shown that IL-4 alone can act as a proinflam-
matory cytokine in the gut of mice (Van Kampen et 
al., 2005). Burton et al. (2013) demonstrated that IL-
4-signaling is a key determinant of mast cell expansion 
and increased susceptibility to anaphylaxis in a murine 
model of food allergy. Intestinal inflammation due to 
allergenic foods is accompanied by Th2 cells and cellu-
lar responses that are largely dependent on IgE (Forbes 
et al., 2008). This is in accordance with the decreased 
IgE levels quantified in animals fed horse milk (Fig-
ure 1B). Similarly, the expression of TNF-α, a potent 
proinflammatory cytokine impairing intestinal perme-
ability (Ma et al., 2004), showed a decreasing trend in 
nonsensitized mice fed horse milk. Feeding horse milk 
to nonsensitized animals did not significantly affect 
the expression of MCP-1 at the intestinal level. One 
of the key chemokines that regulate the migration and 
infiltration of monocytes/macrophages, MCP-1 plays 
an important role in the induction of the inflammatory 
immune response. Notably, the lack of response in the 
expression of other innate markers in sensitized animals 
could be explained, at least in part, by the development 
of a tolerance during the treatment period.
At the intestinal level, feeding horse milk to non-
sensitized mice significantly increased the expression of 
TLR-4, but not TLR-2 (Figure 3). These results show 
that the intestine supplies not only nutrients but also 
immune signals that stem from intestinal cells, reveal-
ing the importance of this organ in the development 
of immunonutritional processes. Some experimental 
studies have indicated the protective role of toll-like 
receptors (TLR) in the development of allergic diseases 
(Lombardi et al., 2008; DĊbiĔska and BoznaĔski, 2014) 
and in contributing to the maintenance of intestinal 
homeostasis (Taniguchi et al., 2009). Activating signals 
through TLR4 promotes innate immune cell migration 
(Liu et al., 2013).
Numerous studies have provided evidence that TLR4 
is the signaling receptor for LPS (Lu et al., 2008). The 
stimulation of TLR4 by LPS induces the release of 
critical proinflammatory cytokines necessary to acti-
vate potent immune responses. However, according to 
Vordenbäumen et al. (2016) and Erridge (2010), not 
Figure 3. Quantitative reverse-transcription PCR analysis of the mRNA expression of immune markers in intestinal tissue samples. The 
graph shows the values from the groups that received intragastric horse milk (HM; 200 μL/d per animal) or PBS (C) and received intraperitoneal 
injections of allergens + aluminum adjuvant (C/S, HM/S; sensitized) or PBS (C/NS, HM/NS; nonsensitized). Results are expressed as mean ± 
SEM; †P < 0.10, *P < 0.05, **P < 0.01. AU = arbitrary unit.
9402 FOTSCHKI ET AL.
Journal of Dairy Science Vol. 99 No. 12, 2016
only LPS, but also milk components and host-derived 
molecules may stimulate TLR4–dependent signaling. 
Vordenbäumen et al. (2016) showed that human αS1-
CN (CSN1S1) induced expression of proinflammatory 
cytokines via TLR4 (this process was not dependent 
upon LPS) and phosphorylation of CSN1S1 inhibited 
binding to TLR4 and proinflammatory properties. The 
authors claimed that CSN1S1 might thus be regarded 
as a bioactive food component. Erridge (2010) proposed 
more than 20 endogenous TLR ligands, which have 
tended to fall into the categories of released intracel-
lular proteins, extracellular matrix components, oxida-
tively modified lipids, and other soluble mediators.
Quantification of Colonic Microbiota
The quantification of the microbial composition of 
the different treatment groups revealed that the dietary 
consumption of horse milk had a positive effect, result-
ing in higher proportions of Bifidobacterium spp. in 
sensitized and nonsensitized mice (Figure 4). The shift 
in gut microbiota composition induced by horse milk 
can be considered to benefit the host via a healthier 
intestinal environment.
The observed increase in Bifidobacterium cell num-
bers is in agreement with previous findings, where 23 
patients with atopic dermatitis consumed 250 mL of 
horse milk or placebo for 16 weeks, and fecal bifido-
bacteria increased with the horse-milk diet (from 4.6 
to 11.9%; Foekel et al., 2009). This could be of par-
ticular importance, because recent data have shown a 
direct link between gut microbiota and the regulation 
of host immunity, revealing promising strategies for the 
treatment of cow milk allergy based on modulating the 
composition or functionality of the gut microbiome, 
or both (Berni Canani et al., 2015). Notably, reduced 
intestinal colonization with the genera of Bifidobac-
terium and Lactobacillus in allergic children has been 
reported (Kalliomäki and Isolauri, 2003). The effect 
on Bifidobacterium induced by horse milk could be at-
tributed to its lactose content, as it has been shown 
in infants with cow milk allergy that the total fecal 
counts of Lactobacillus/Bifidobacterium increased and 
those of Bacteroides/Clostridia species decreased after 
the consumption of lactose for 2 mo (Francavilla et 
al., 2012). In addition, previous studies have demon-
strated that a defined strain of Bifidobacterium longum 
(CECT 7347) induced higher counts of CD8+ T cells 
in animals sensitized to interferon-γ animals (Laparra 
et al., 2012). Cytokine induction by bifidobacteria is 
strain-dependent and related to different immunologic 
status (He et al., 2002). Thus, the role of bifidobacteria 
in allergic diseases remains to be fully determined.
CONCLUSIONS
This study reports on the immune-modulating ef-
fects of feeding horse milk to control and cow-milk-
Figure 4. Real-time PCR analysis. Results are log10 of bacterial cells per gram wet weight of cecal content of animals that received intragas-
tric horse milk (HM; 200 μL/d per animal) or PBS (C) and received intraperitoneal injections of allergens + aluminum adjuvant (C/S, HM/S; 
sensitized) and PBS (C/NS, HM/NS; nonsensitized). Results are expressed as mean ± SEM; †P < 0.10, *P < 0.05, ***P < 0.001. BIF = 
Bifidobacterium group; BPP = Bacteroides-Prevotella-Porphyromonas group; CLEPT = Clostridium leptum group; ECC = Enterococcus group; 
LAC = Lactobacillus group; UNI = total bacteria.
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sensitized mice. We observed beneficial alterations in 
the composition of gut microbiota, favoring the growth 
of Bifidobacterium spp. in the intestinal milieu after 
horse-milk treatment. The increase was quantified in 
sensitized mice, and also in mice fed horse milk that 
were not sensitized with allergens. The low protein 
concentration in horse milk is of particular importance, 
because proteins represent the major contributors to 
allergic processes, especially in neonates. This study 
demonstrated the positive effects of feeding horse milk 
on decreasing IgE levels in immunized animals and in 
the associated increased counts of Treg cells, which have 
an immunosuppressive role. The results indicate that 
horse milk elicits a positive effect on innate response(s), 
decreasing the expression of IL-4 (which has proinflam-
matory properties), and increasing that of TLR-4, in-
dependent of the state of the animal. We propose that 
horse milk does not fully abolish allergic sensitization, 
but it may reduce its incidence, a finding that merits 
further investigation in clinical trials. Future studies 
should focus on testing horse-milk processing, such as 
fermentation and destroying most allergenic epitopes to 
continue research under clinical conditions.
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